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The vertebrate ocular lens is a simple and continuously growing tissue. Growth factor-mediated receptor tyrosine kinases (RTKs) are believed
to be required for lens cell proliferation, differentiation and survival. The signaling pathways downstream of the RTKs remain to be elucidated.
Here, we demonstrate the important role of Ras in lens development by expressing a dominant-negative form of Ras (dn-Ras) in the lens of
transgenic mice. We show that lens in the transgenic mice was smaller and lens growth was severely inhibited as compared to the wild-type lens.
However, the lens shape, polarity and transparency appeared normal in the transgenic mice. Further analysis showed that cell proliferation is
inhibited in the dn-Ras lens. For example, the percentage of 5-bromo-2′-deoxyuridine (BrdU)-labeled cells in epithelial layer was about 2- to 3-
fold lower in the transgenic lens than in the wild-type lens, implying that Ras activity is required for normal cell proliferation during lens
development. We also found a small number of apoptotic cells in both epithelial and fiber compartment of the transgenic lens, suggesting that Ras
also plays a role in cell survival. Interestingly, although there was a delay in primary fiber cell differentiation, secondary fiber cell differentiation
was not significantly affected in the transgenic mice. For example, the expression of β- and γ-crystallins, the marker proteins for fiber
differentiation, was not changed in the transgenic mice. Biochemical analysis indicated that ERK activity, but not Akt activity, was significantly
reduced in the dn-Ras transgenic lenses. Overall, our data imply that the RTK-Ras-ERK signaling pathway is essential for cell proliferation and, to
a lesser extent, for cell survival, but not for crystallin gene expression during fiber differentiation. Thus, some of the fiber differentiation processes
are likely mediated by RTK-dependent but Ras-independent pathways.
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Growth factor signaling plays an essential role in cell
proliferation, differentiation, migration and survival. Growth
factor binds to the extracellular domain of its transmembrane
receptor causing it to dimerize and activate the intracellular
receptor tyrosine kinase (RTK) (Heldin, 1995; Ullrich and
Schlessinger, 1990). Activation of RTK consequently activates
Ras, a small guanine nucleotide-binding protein, from the GDP-
bound inactive state to the GTP-bound active state. This
activation is facilitated by the Ras guanine nucleotide exchange⁎ Corresponding author. EC214 Mason Eye Institute, One Hospital Dr.,
Columbia, MO 65212, USA. Fax: +1 573 884 4100.
E-mail address: renekerl@health.missouri.edu (L.W. Reneker).
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doi:10.1016/j.ydbio.2006.06.045factors (GEFs). GEF is recruited to the plasma membrane by
RTK autophosphorylation, which brings Ras into close
proximity to GEF and allows Ras to be activated. Once Ras is
activated, it interacts with several downstream effector proteins
and turns on signaling pathways to elicit various biological
functions (Campbell et al., 1998; Downward, 1998; Kerkhoff
and Rapp, 1998; Shaw and Cantley, 2006). The well-
characterized pathway is the Ras-ERK kinase cascade, which
consists of three kinase components – Raf, MEK and ERK
(MAPK) – that are sequentially phosphorylated and activated
(Chen et al., 2001; Pouyssegur and Lenormand, 2003; Sebolt-
Leopold and Herrera, 2004). Activated ERK induces a variety
of downstream responses, including gene transcription, transla-
tion and cytoskeletal rearrangement (Brunet et al., 1999;
Golestaneh et al., 2004; Kim et al., 2000; Paszek et al., 2005;
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detail in vitro, its role in developmental systems has not been
well established. For instance, it is unclear whether Ras
typically plays a crucial role in cell fate determination (e.g., in
Drosophila photoreceptor R7 cell) (Perrimon, 1994), or an
ancillary role in regulating cell proliferation and modifying
cytoskeletal structure and cell shape.
The ocular lens is a classical model system for studying
signaling mechanisms for tissue induction, cell fate determina-
tion and pattern formation (Coulombre and Coulombre, 1963;
Grainger, 1992; Spemann, 1901). The lens is a simple yet highly
organized and continuously growing tissue (McAvoy et al.,
1999). The entire lens is made of two cell types derived from the
same surface ectodermal cells. The anterior surface of the lens is
covered by a monolayer of cuboidal epithelial cells, and the
bulk of the lens is occupied by the elongated fiber cells. The
central epithelial cells are quiescent whereas the epithelial cells
at the peripheral region (or the germinative zone) are induced to
proliferate. Following cell division, some of the epithelial cells
exit the cell cycle and differentiate into secondary fiber cells at
the transitional zone posterior to the germinative zone. The
young differentiating fiber cells elongate drastically and express
distinctive sets of proteins such as β- and γ-crystallins and
intermediate filament proteins including CP49 and filensin. The
differentiated fiber cells eventually eliminate their nuclei and
intracellular organelles to form mature fiber cells at the lens
core. The highly ordered architecture and growth pattern of the
lens are controlled by cell proliferation and differentiation.
Thus, the ocular lens provides us an ideal in vivo model to study
the signal transduction pathways involved in these cellular
processes during lens development.
There is compelling evidence implicating that growth factors
are the regulators for lens growth and development (Lang, 1999;
Lovicu and McAvoy, 2005; Menko, 2002). Both in vitro and in
vivo studies have shown that lens cell can be stimulated to
proliferate by many different growth factors including fibroblast
growth factors (FGFs) (McAvoy and Chamberlain, 1989),
platelet-derived growth factor (PDGF) (Reneker and Overbeek,
1996), insulin and insulin-like growth factors (IGFs) (Chan-
drasekher and Sailaja, 2003; Iyengar et al., 2006), epidermal
growth factor (EGF) (Wang et al., 2005) and hepatocyte growth
factor (HGF) (Choi et al., 2004). Among these growth factors,
only FGF is capable of inducing epithelial-to-fiber differentia-
tion in either the rat lens explant system (Le and Musil, 2001;
McAvoy and Chamberlain, 1989) or the transgenic mice
(Lovicu and Overbeek, 1998; Robinson et al., 1995b). Blockage
of FGF receptor (FGFR) activation or deletion of FGFR2 in
mouse lens inhibits fiber cell differentiation and survival (Chow
et al., 1995; Garcia et al., 2005; Govindarajan and Overbeek,
2001; Robinson et al., 1995a; Stolen and Griep, 2000). At
present, very little is known about how different cellular
responses such as cell proliferation and differentiation are
regulated by the signal transduction pathways that are activated
by different growth factor receptors.
Based on the literature of growth factor signaling mechan-
isms, we hypothesized that Ras signaling is involved in the
RTK-activated cell proliferation and differentiation processesduring lens development. Previously, we demonstrated that Ras
activation is sufficient to induce cell proliferation but not fiber
cell differentiation in transgenic mice (Reneker et al., 2004b).
This gain-of-function approach did not answer the question
whether Ras activity is required for both cell proliferation and
differentiation during normal lens development. To further
access the role of Ras in lens growth and development, we
generated transgenic mice that express a dominant-negative
form of Ras (dn-Ras), H-RasN17, in the lens. The mutant
RasN17 protein has an asparagine at position 17 instead of a
serine that reduces its affinity for GTP and makes it
constitutively in the GDP-bound inactive form. RasN17
functions as an inhibitor of RasGEFs by competing with
normal Ras for binding, thus preventing the endogenous Ras to
be activated by RasGEFs (reviewed in Feig, 1999). Because the
mode of action of RasN17 is to inhibit RasGEFs rather than Ras
itself, this mutant is capable of suppressing the activity of all
Ras isoforms (H-, N- and K-Ras). If expressed at a relatively
higher level, RasN17 can effectively block Ras signaling in both
in vitro and in vivo systems (Feig and Cooper, 1988; Iritani et
al., 1997). Here we demonstrated that expression of RasN17
mutant in the lens of transgenic mice significantly affected cell
proliferation but not differentiation of the secondary fiber cells
during lens development. Thus, FGF-induced epithelial-to-fiber
differentiation in mouse lens must be regulated by some RTK-
dependent but Ras-independent pathways.
Materials and methods
Generation of transgenic mice
The lens-specific δ1-enhancer/αA-crystallin (δenαA) fusion promoter used
in this study was described previously (Reneker et al., 2004a). The dn-Ras
mutant (RasN17) cDNAwas obtained from Dr. Michael D. Schneider at Baylor
College of Medicine in Houston, Texas, and cloned into the EcoRV and SalI
digested δenαA-promoter vector. The resulting plasmid was digested with XhoI
and SacII to release the minigene (about 3.3 kb) (Fig. 1A). Transgenic mice
were generated by injecting the purified DNA into the pronuclei of one-cell-
stage inbred FVB/N mouse embryos. Transgenic founder mice were screened by
PCR on tail DNA as previously described (Reneker et al., 2004b).
RT-PCR
To determine when the transgene was first expressed, embryo heads at
embryonic day 9.5 (E9.5) and E10.5 were lysed with TRI REAGENT (Sigma,
St. Louis, MO) and homogenized for RNA extraction following the
manufacturer's instruction. RT-PCR reaction was performed by using One-
step RT-PCR kit from Qiagen with equal amount of total RNA (80 ng) from each
sample. Primers were designed to specifically amplify either the human H-Ras
for detection of transgene expression or mouse N-Ras for internal control of RT-
PCR. The primers for human H-Ras are 5′-TGCCTGTTGGACATCCTGGAT-
3′ (sense) and 5′-GATCTCACGCACCAACGTG-3′ (antisense), and for mouse
N-Ras are 5′-CCAGCTAATCCAGAACCACTTTGTGG-3′ (sense) and 5′-
TCACACTTGTTGCCTACCAG-3′ (antisense). PCR products were run on a
2% agarose gel and visualized under UV light after ethidium bromide staining.
Histology
Transgenic mice were bred to the wild-type FVB/N mice to collect
embryonic heads or postnatal eyes for analysis. Tissues were fixed in 10%
neutral-buffered formalin overnight and dehydrated with ethanol and embedded
in paraffin for sectioning. Tissues sections at 5 μm were either stained with
Fig. 1. Minigene for generation of dn-Ras transgenic mice (A) and Ras
expression in mouse lens (B–D). (A) The dn-Ras mutant, RasN17, was linked to
the chimeric promoter that contains the mouse αA-crystallin promoter (αA-P)
linked to the chick δ1-crystallin lens enhancer (δ-en). A polyadenylation signal
from human growth hormone gene (hGH pA) was added at the 3′ end of the
RasN17 cDNA. PCR primers used for genotyping the transgenic mice were
illustrated. (B) RT-PCR to detect transgene expression in E9.5 and E10.5
embryos. Using primers specific for human H-Ras, PCR fragment was amplified
from OVE1405 but not wild-type (WT) embryos. Lens RNA from transgenic
mouse OVE1461 that expresses oncogenic human H-Ras was used as a positive
control. Mouse N-Ras was used as an internal control of RT-PCR. RT-PCR
without reverse transcriptase (RT) did not amplify any products (data not shown).
(C) Ras immunohistochemical staining in E14.5 wild-type (WT) and OVE1405
transgenic lenses. Ras protein is normally localized in the epithelial cells and
newly differentiated fiber cells at the cortical region (arrows in panel C, WT). In
OVE1405 transgenic lens, Ras protein is more evenly distributed among all the
lens cells. The scale bar represents 100 μm. (D) Ras protein levels detected by
western blotting in newborn mouse lenses. Ras protein levels are much higher in
the OVE1405 transgenic lens, resulting from transgene (RasN17) expression.
Identical results were obtained from two separate mouse litters (group 1 and 2).
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dUTP Nick End-labeling (TUNEL) assay, or in situ hybridization.
Immunostaining
For 5-bromo-2′-deoxyuridine (BrdU) incorporation assay to detect cells at
the S-phase of the cell cycle, pregnant females were injected with BrdU at a
concentration of 100 ng/gm of body weight and labeled for 1 h. The embryos
were removed, fixed and processed for immunohistochemistry as described
previously (Fromm et al., 1994).For immunolabeling of Ras, CP49 and filensin, and crystallin proteins in the
lens, tissue sectionswere de-waxed in xylene, rehydrated in a series of decreasing
ethanol and washed in PBS. To detect Ras proteins, sections were pretreated to
unmask antigen by heating in a microwave for 10 min in 0.01 M sodium citrate
buffer (pH 6.0). Tissue sections were pre-incubated with 5% serum in PBS to
block non-specific binding and then labeled with primary antibodies. The source
and dilution factor for each primary antibody are as follows: anti-crystallin
antibodies were from Dr. Samuel Zigler at the National Eye Insitutute and each
was diluted at 1:2000; anti-CP49 and anti-filensin antibodies from Dr. Roy
Quinlan at the University of Dundee, UK, were diluted at 1:200; and anti-Ras
antibody from Cell Signaling was diluted at 1:100. Incubation with primary
antibodieswas carried out at 4°C overnight. After washingwith PBS, the sections
were labeled with either fluorescein-conjugated or biotinylated secondary
antibodies at room temperature for 1 h. For immunofluorescent method, slides
were incubated in DAPI for 5 min to label cell nuclei, then washed with PBS and
mounted in 50% glycerol in PBS for examination under a fluorescent
microscope. For biotin-labeling method, immune complexes were visualized
using the avidin–biotin–peroxidase complex method (ABC kit from Vector
Laboratories, Inc.) and diaminobenzidine as the substrate. Sections were counter
stained with hematoxylin. Images were captured by a CCD camera.
TUNEL assay for detection of apoptotic cells in vivo
Mouse embryos were isolated at E14.5 and processed for TUNEL assay to
detect DNA fragmentation using an in situ apoptosis detection kit (TACS XL
Basic Kit, Trevigen Inc., Gaithersburg, MD).
In situ hybridization
E-cadherin in situ hybridization was described previously (Reneker et al.,
2004b; Xu et al., 2002). Briefly, 35S-UTP-labeled riboprobes were synthesized
in vitro from the linearized mouse E-cadherin DNA templates. Slides were
washed after hybridization, treated with RNaseA and washed again to remove
unhybridized probes. Slides were dipped in Kodak NTB-2 emulsion and
exposed in cold for a week before being developed with Kodak D-19 developer.
Tissue sections were counter stained with hematoxylin and examined under a
microscope with bright- and dark-field illumination.
Western blot analysis
Newborn mouse lenses were isolated and homogenized in RIPA buffer [1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.02% sodium orthovanadate,
2 mM DTT in PBS and freshly added protease inhibitors (Set III kit from
Calbiochem) and phosphatase inhibitors (Set II kit from Calbiochem)]. After
centrifugation at 10,000 rpm for 5 min, an aliquot of the supernatant was removed
for protein determination using BCA method (Ueda et al., 2002). Water-soluble
lens proteins were denatured in 2× SDS sample buffer and boiled for 5 min. The
total amount of lens proteins used for specific blots was as follows: 10 μg for
crystallin proteins, 30 μg for Ras and 100 μg for ERK, phosphor-ERK (pERK),
Akt, phosphor-pAkt (pAkt) and β-actin. Proteins were separated on 4–12%
gradient gel by SDS–PAGE, and transferred onto polyvinylidene difluoride
(PVDF) membrane (Invitrogen). The blots were immersed in blocking buffer for
1 h and then incubated with the primary antibody at 4°C overnight. Anti-crystallin
antibodies were diluted at 1:3000 for α-crystallin, 1:6000 for β-crystallin and
1:10,000 for γ-crystallin. Antibodies against Ras, ERK, pERK, Akt and pAKT
were purchased from Cell Signaling and diluted according to the manufacturer's
instruction. After washing, the blotswere incubatedwith secondary antibody for 1 h
at room temperature, washed with PBS and developed by enhanced chemilumi-
nescence (ECL). β-Actin was used as a control to ensure equal protein loading.
Results
Expression of dn-Ras in the lens of transgenic mice
To asses the role of Ras in lens development, we constructed
a minigene to generate transgenic mice that express dn-Ras
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was driven by a chimeric promoter that links a lens enhancer
element from the chicken δ1-crystallin gene to the mouse αA-
crystallin promoter. This promoter has been shown to drive
target transgene expression in both lens epithelial and fiber cells
(Reneker et al., 2004a). Three transgenic founder mice were
initially generated and bred to the FVB/N mice to establish
transgenic lines named OVE1403, OVE1404 and OVE1405.
Mice from OVE1403 and OVE1405 developed similar
phenotype with smaller lenses as compared to the wild-type
mice (Figs. 1C and 2). The eyes in OVE1404 mice appeared
normal. However, when OVE1404 mice were bred to homo-
zygosity, the lenses were slightly smaller than normal (data not
shown). In situ hybridization showed that, at embryonic day
14.5 (E14.5), the transgene expression levels in lines OVE1403
and OVE1405 were much higher than those in line OVE1404
(data not shown), implying that the severity of the lens
phenotype is correlated with the levels of transgene expression.
Transgene expression was detected by RT-PCR at the
embryonic stage when lens is induced to form from the surface
ectoderm (E9.5–10.5) (Fig. 1B). In wild-type mouse lens, Ras
protein is mainly localized in the lens epithelial layer and at the
cortical region where cells are differentiating into fiber cells
(Fig. 1C, WT). In the OVE1405 transgenic lens, Ras
immunoactivity was found evenly distributed across the lens
section (Fig. 1C, OVE1405), probably due to a high level of
transgene expression in the lens fiber cells. Results from in situ
hybridization confirmed that transgene mRNA was present
more abundantly in the fiber cells than in the epithelial layer
(data not shown). Western blot analysis using an anti-pan-Ras
antibody showed that Ras protein levels are much higher in the
OVE1405 transgenic lens than in the wild-type lens (Fig. 1D),
suggesting that the amount of dn-Ras protein in the transgenic
lens is sufficient to compete with and block the lens endogenous
Ras for activation by GEFs.
Reduced lens size in the dn-Ras transgenic mice
Lens size and lens growth were compared between the wild-
type and OVE1405 transgenic mice at postnatal day 6 (P6) and
P14 (Figs. 2 and 3). In wild-type mice, lens size increased with
age (Fig. 2). In contrast, the transgenic lens is much smaller andFig. 2. Lens gross morphology. The lenses from wild-type (WT) and OVE1405 tran
significantly smaller and lens growth was inhibited. The transgenic lenses were clear w
transgenic lenses.failed to grow from P6 to P14. Despite the severe retardation in
lens growth, the transgenic lens was transparent when freshly
isolated, but the surface of the lens quickly turned hazy when
the lens was placed in PBS. Additionally, the transgenic lens
was more fragile. PAS staining showed that lens capsule in the
transgenic mice was thinner, particularly at the posterior region
(data not shown). Such defect can potentially contribute to the
fragility and haziness of the transgenic lens during isolation.
Lens cell proliferation is inhibited in the dn-Ras transgenic
mice
Developmental histology showed that at E14.5 the
OVE1405 transgenic lens was small (Fig. 3B). In comparison
to the wild-type lens, the epithelial layer in the transgenic mice
was thinner and contained fewer cells (Fig. 3, compare F and J
to E and I, respectively). Despite having fewer cells in the
epithelium, secondary fiber cell differentiation seems to be
unaffected in the transgenic lens. The transgenic lens retains its
normal polarity and growth patterns (Fig. 3).
To determine whether cell proliferation was inhibited in the
transgenic lens, a BrdU incorporation assay was performed to
detect cells in the S-phase of the cell cycle (Fig. 4). At E14.5,
BrdU-positive cells were distributed across the lens epithelial
layer in the wild-type lens (Fig. 4A). The BrdU-labeling pattern
was similar in the transgenic mice, but the total number of
BrdU-positive cells was significantly reduced as compared to
the wild-type mice (Fig. 4B and Table 1). The percentage of
BrdU-labeled cells was calculated in the epithelial compartment
(Table 1). The BrdU-labeling index was 31.4±6.6% in the wild-
type lens and 15.8±2.7% in the dn-Ras transgenic lens,
suggesting that Ras activity is required for cell proliferation
during normal lens development. An additional change was also
noticed in the frequency of BrdU-positive fiber cell nuclei in
lens sections. At E14.5, 5 out of 22 wild-type lens sections
examined were found to contain one BrdU-labeled fiber cell
nuclei in each section. The same phenotype was observed in 13
out of 21 transgenic lens sections. The result suggests that dn-
Ras may also result in a slight delay for cells exiting the cell
cycle during epithelial-to-fiber differentiation.
We previously demonstrated that platelet-derived growth
factor-A (PDGF-A) can act as a mitogen to inducesgenic mice at postnatal day 6 (P6) and day 14 (P14). Transgenic lenses were
hen freshly isolated but quickly turned hazy after placed in PBS as shown in P14
Fig. 4. In vivo cell proliferation assays. BrdU incorporation assay was used to
detect S-phase cells in mouse lenses. Arrows show examples of BrdU-labeled
(brown nuclear staining) nuclei. In the wild-type lens (A), BrdU-positive cells
are localized across the lens epithelial layer, with a higher percentage at
periphery. In comparison, the OVE1405 transgenic lens (B) contains less and
PDGF-A transgenic lens (C) has more BrdU-positive cells. In PDGF-A
overexpressing transgenic lens, overproliferation resulted in the formation of a
subcapsular group of lens cells (indicated by the arrows in panel C). In the
PDGF-A/dn-Ras bi-transgenic mice, the percentage of BrdU-positive cells is
lower than that in the wild-type (A) or PDGF-A (C) mice. The BrdU-labeling
index follows the order of PDGF-A>wild-type>PDGF-A/dn-Ras>dn-Ras.
Table 1
Comparison of cell proliferation in E14.5 mouse lenses
Total number of
lens epithelial
cells
Total number of
BrdU-positive
cells
BrdU-
labeling
index (%)
Number of lens
sections
examined a
Wild type 131±7 41±8 31.4±6.6 22 b
OVE1405 82±7 13±3 15.8±2.7 21 c
a Section thickness=5 μm.
b One BrdU-positive fiber cell nuclei was identified in each of 5 sections.
c One BrdU-positive fiber cell nuclei was identified in each of 13 sections.
Fig. 3. Ocular histology (H&E staining). Wild-type (A, C, E, G and I) and
OVE1405 transgenic (B, D, F, H and J) eyes were isolated at E14.5 (A, B), P6
(C–F) or P14 (G–J) for histological analysis. Higher magnification view of
panels C, D, G and H are shown in panels E, F, I and J, respectively. Compared
to the wild-type lenses, the transgenic lenses are consistently smaller but retain
their normal polarity. The epithelial layer of transgenic lens contains less number
of cells with a thinner capsule (indicated by the arrows in panel F). Secondary
fiber cell differentiation occurs at the transition zone (t) in the lenses of both
genotypes. The abbreviations are as follows: epi, lens epithelial cells; fib, lens
fiber cells; t, transitional zone. The scale bar represents 100 μm. The same
abbreviations and scale bar are used in all the figures.
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(Reneker and Overbeek, 1996). To investigate whether PDGF-
A-stimulated cell proliferation in the lens is mediated by Ras-
activated signal transduction pathways, we bred the PDGF-A
transgenic mice to the dn-Ras transgenic mice from line
OVE1405. Changes in cell proliferation were examined by
BrdU-labeling assay (Figs. 4C and D). The number of BrdU-
positive cells was increased in the PDGF-A mice (Fig. 4C), in
agreement with our previous study. Interestingly, the BrdU
distribution pattern and the lens histology in the dn-Ras/PDGF-
A bi-transgenic mice resembled those of the dn-Ras mice (Figs.
4B and D), indicating that dn-Ras is capable of blocking
PDGF-A-induced overproliferation in the lens. We calculated
the BrdU-labeling index in the lens of each genotype and found
the following order: PDGF-A>WT>PDGF-A/dn-Ras>dn-
Ras. This result implies that PDGF-A-induced cell proliferation
in the lens is mediated through Ras signaling pathways.Apoptosis in the dn-Ras transgenic lens
Examining the E14.5 lens histology revealed that the
transgenic lens contained a few condensed cell nuclei in the
epithelium and fiber compartment. Chromatin condensation is a
characteristic feature of apoptosis. To investigate whether cell
death is another contributing factor to a smaller lens, TUNEL
assays were performed on E14.5 lens sections from wild-type
and OVE1405 transgenic mice (Fig. 5). A few TUNEL-positive
cells were identified in transgenic lens (indicated by arrows in
Figs. 5B and C). No apoptotic cells were found in the wild-type
lens under the same condition, suggesting that Ras may also
play a role in cell survival during lens development.
Delay in primary fiber cell differentiation
To determine the earliest onset of the developmental
defects in dn-Ras transgenic lens, we analyzed the lens
histology before E14.5. At E11.5, the non-transgenic lens
Fig. 6. Delay of primary fiber cell elongation in transgenic lens. In wild-type
lens, after closure of the lens vesicle at E11.5 (A), the posterior cells begin to
elongate and differentiate into the primary fiber cells at E12.5 (C). In the
OVE1405 transgenic mice, the lens vesicle stage is prolonged, and cell
elongation does not initiate until after E12.5 (B and D).
Fig. 5. TUNEL assay to detect apoptotic cells in E14.5 lens. Brown nuclear stain
indicates DNA fragmentation, a characteristic feature of apoptosis. Apoptotic
cells (the arrows) are present in both lens epithelium and fiber compartment in
the transgenic lens (B and C), but not in the wild-type control lens (A).
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periocular mesenchymal cells begin to migrate into the space
between the presumptive corneal epithelium and the lens
epithelium (Fig. 6A). There was no apparent differences
between the wild-type and OVE1405 transgenic lenses at
E11.5 (Figs. 6A and B) although the transgene is already
expressed before this stage (see Fig. 1B). However, at E12.5,
a developmental delay was apparent in the OVE1405
transgenic lens (Figs. 6C and D). In the wild-type lens, the
posterior lens cells began to elongate and differentiate into the
primary fiber cells at E12.5 (Fig. 6C). In contrast, the
posterior cells failed to elongate in the OVE1405 transgenic
lens (Fig. 2D), suggesting that Ras activity is required for the
initiation of primary fiber cell elongation.
The delay in primary fiber cell elongation was confirmed
by examining the expression patterns of molecular markers
associated with epithelial-to-fiber differentiation. In situ
hybridization for E-cadherin was done on E11.5 to E14.5
embryos (Fig. 7). E-cadherin is a cell adhesion molecule
expressed in many types of epithelial tissues. In wild-type
lens, E-cadherin was initially expressed in all lens cells, and
the level was higher in the anterior than posterior at E11.5
(Fig. 7A). E-cadherin expression was turned off in the
posterior cells when these cells began to differentiate into the
primary fiber cells (Fig. 7B). In the E12.5 transgenic lens, E-
cadherin mRNA was still detected in both anterior and
posterior cells, a pattern similar to that in the E11.5 wild-type
lens (Fig. 7C). However, E-cadherin expression was even-
tually downregulated in the posterior fiber cells in the
transgenic mice at E14.5 (Fig. 7D). We also examined the
expression pattern of FoxE3 (data not shown), a transcription
factor that is important for lens development (Blixt et al.,
2000). FoxE3 downregulation in the primary fiber cells was
delayed in the transgenic mice, which is the same pattern that
we observed for E-cadherin expression (Fig. 7).Expression of crystallin and intermediate filament proteins
After the initial delay in primary fiber cell elongation and
differentiation, lens development proceeds in the dn-Ras
transgenic mice. The lens vesicle was eventually filled with
elongated fiber cells. By E14.5, the lens in the transgenic mice
had established its normal polarity and structure but with fewer
cells in both the epithelial and fiber compartment compared to
the wild-type lens (Fig. 3B). Fiber cell differentiation is
associated with expression of fiber cell-specific proteins.
Thus, the expression patterns of crystallins and intermediate
filament proteins (CP49 and filensin) were analyzed (Figs. 8A
and 9) by immunofluorescent staining. In E12.5 wild-type lens,
α-crystallin was expressed in both lens epithelial and fiber cells,
whereas β- and γ-crystallins were only expressed in the lens
fiber cells (Fig. 8A, WT). The similar crystallin expression
patterns were observed in the dn-Ras transgenic lens, but fewer
cells were stained positive for β- and γ-crystallins, probably
because of the delay in primary fiber cell differentiation (Figs. 6
and 7). By E14.5, β- and γ-crystallin staining were found in all
the posterior fiber cells in the transgenic lens (data not shown).
The expression of CP49 and filensin were also examined in
E14.5 lenses (Fig. 9). The expression patterns were similar
between the wild-type and the transgenic mice in that both
CP49 and filensin were highly expressed in the lens fiber cells
of both types of mice. A low but above background level of
staining was detected in the anterior epithelial cells of the
transgenic lens (Figs. 9B and D).
To determine whether quantity of lens crystallins differs in
wild-type and transgenic mice, western blotting was performed
using equal amount of proteins from the water-soluble fraction
of newborn wild-type and transgenic lenses. Fig. 8B shows that
there was no apparent difference in the crystallin protein levels
between the wild-type and transgenic mice. The experiment was
repeated three times with lens samples from different mouse
litters, and the results were consistent. These results strongly
Fig. 7. E-cadherin expression in the wild-type (A and B) and dn-Ras transgenic (C and D) lenses. In E11.5 wild-type lens, E-cadherin is expressed in all the lens vesicle
cells with a higher level at the anterior region (A). By E12.5, E-cadherin expression is turned off in the posterior differentiating fiber cells and expression is limited to the
lens epithelial layer (B). In the transgenic lens, E-cadherin expression remains in the posterior lens fiber cells at E12.5 (C) and expression is downregulated at E14.5 (D).
Fig. 8. Crystallin expression. (A) Crystallin immunofluorescent staining in E12.5 lenses. Cell nuclei were shown in blue (DAPI) and crystallin proteins were shown in
red (rhodamine) color. α-Crystallin is expressed in both epithelial and fiber cells, whereas β- and γ-crystallins are present only in differentiated fiber cells in the wild-
type (WT) lens. Similar expression patterns were found in the transgenic lens but fewer cells were stained positive for β- and γ-crystallin, probably due to the delay in
primary fiber cell differentiation. (B) Western blot analysis. Water-soluble proteins were prepared from newborn (P0) mouse lenses and an equal amount of protein was
loaded for each sample. No detectable difference in the levels of crystallin proteins was observed between the wild-type and transgenic lenses.
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Fig. 10. Levels of ERK, pERK, AKT and pAkt in newborn (p0) wild-type and
transgenic lenses. An equal amount of water-soluble lens protein was used for
western blot analysis. The pERK level is significantly reduced in the transgenic
lens whereas the total ERK protein remains the same as in the wild-type lens.
There is no apparent difference in the level of Akt and pAkt between the wild-
type and the transgenic lenses. β-Actin was used to as a control to monitor equal
loading of the samples. Results from two independent experiments are shown.
Fig. 9. Expression of CP49 (A and B) and filensin (C and D) in E14.5 lenses.
CP49 and filensin are highly expressed in lens fiber cells in both wild-type (A
and C) and transgenic (B and D) mice. A low, above background level of
fluorescence was shown in the epithelial layer in the transgenic lens.
410 L. Xie et al. / Developmental Biology 298 (2006) 403–414suggest that expression of lens-specific proteins (including
crystallins, CP49 and filensin) is probably not directly regulated
by Ras-mediated signaling pathways even though the primary
fiber cell differentiation is delayed.
Phosphorylation levels of ERK and Akt in the lens
The two major downstream effector pathways of Ras are the
Raf-MEK-ERK kinase cascade and the PI3K-Akt pathway
(Coleman et al., 2004; Shaw and Cantley, 2006). To analyze
whether these two effector pathways are affected in the dn-Ras
transgenic lens, we examined the phosphorylation state of ERK
and Akt in newborn lenses by western blot using antibodies
against phospho-ERK (pERK) and phospho-Akt (pAkt) (Fig.
10). With an equal amount of proteins applied, strong signals of
pERK1 and pERK2 were detected in the wild-type lenses, but
not in the transgenic lenses, although the total ERK protein
levels remained similar between these two types of lenses. In
contrast to pERK, the pAkt level was not affected in the
transgenic lens (Fig. 10). The western blot results were
consistent in four independent sets of experiments. The result
suggests that ERK, but not Akt, is one of the downstream targets
of Ras in mouse lens.
Discussion
There is accumulating evidence that lens development is
regulated by growth factors and growth factor-activated
receptor tyrosine kinases (RTKs) (Lovicu and McAvoy,
2005). However, very little is known about the downstream
signal transduction pathways activated by the RTKs that control
cell proliferation, differentiation and survival during lens
development. Previously, we used a gain-of-function approach
to demonstrate in transgenic mice that Ras activation is
sufficient to induce proliferation but not differentiation of the
lens epithelial cells (Reneker et al., 2004b). In the current study,
loss-of-function approach was applied to access the role of Rasin lens growth and development. Transgenic mice were
generated to express a dominant-negative form of Ras (dn-
Ras), the human H-RasN17 mutant, in the lens. Among the
three transgenic lines we established, lens growth was severely
inhibited in two of them. In one of the severely affected lines
(OVE1405), the BrdU-labeling index in lens epithelial layer
was reduced 2- to 3-fold in comparison to that in the wild-type
mice. When we bred the dn-Ras mice to the transgenic mice that
overexpress growth factor PDGF-A in the lens, the over-
proliferative phenotype in the PDGF-A lens was eliminated in
the bi-transgenic mice. Our results provide strong evidence that
cell proliferation during normal lens development is dependent
on Ras-activated signaling pathways.
In contrast to cell proliferation, cell survival and fiber cell
differentiation appear to be less affected in the lenses of the dn-
Ras transgenic mice. A few apoptotic cells were found in
epithelial and fiber cells in the transgenic lenses. There was an
initial delay in primary fiber cell differentiation, but differentia-
tion of the secondary fiber cells was properly initiated at the
transitional zone, as judged by the expression patterns and
levels of fiber cell-specific markers, including β- and γ-
crystallins and the intermediate filament proteins (CP49 and
filensin). These results suggest that fiber cell differentiation, at
least the expression of these fiber cell marker proteins, is likely
not directly controlled by the Ras-mediated signaling pathways.
The RTK-Ras-ERK signaling pathway is required for lens cell
proliferation
Because the Raf-MEK-ERK and PI3K-Akt signaling path-
ways play a major role in cell proliferation and survival in many
different cell types (Coleman et al., 2004; Shaw and Cantley,
2006), we chose to examine the phosphorylation levels of ERK
and Akt in the wild-type and transgenic lenses by western blot
411L. Xie et al. / Developmental Biology 298 (2006) 403–414analysis. In the dn-Ras transgenic lens, ERK phosphorylation
was nearly abolished whereas the total ERK protein level was
not altered, thus establishing a correlation between decreased
cell proliferation and reduced ERK activity in the transgenic
lenses. In contrast to ERK, phosphorylated Akt level was not
affected by the expression of dn-Ras, implying that (1) ERK,
but not Akt, is one of the downstream targets of Ras, and (2)
activation of the Ras-ERK pathway plays an essential role in
cell proliferation during normal lens development.
How the Ras-ERK signaling regulates cell cycle progression
in the lens is a question for further investigation. Based on
studies in other mammalian cells, activation of the Ras-Raf-
MEK-ERK kinase cascade leads to elevated expression and
phosphorylation of transcription factor Elk1 (Brunet et al.,
1999; Janknecht et al., 1993). Phosphorylated Elk1 binds to the
serum response element (SRE) in the promoter of the c-fos gene
to transactivate c-fos transcription (Treisman, 1990). Induction
of c-fos is required for cell re-entry into the cell cycle from
quiescence (Kim et al., 2000). Expression of c-fos is also
necessary for subsequent steps in the growth response,
including G1 progression and DNA synthesis (Monje et al.,
2003). Our future study includes examining the changes in the
levels of Elk phosphorylation and c-fos expression in the dn-Ras
transgenic lenses.
The result of western blot analysis indicated that Akt activity
in the dn-Ras transgenic lens is not affected (Fig. 10). How Akt
activity is regulated in mouse lens has not been studied in detail.
In other cell culture systems, Akt is known to be a direct target
of PI3K signaling, which can be activated by (1) receptor
tyrosine kinases induced by growth factors such as IGF-1 and
insulin, (2) stimulation of G-protein-coupled receptors or (3)
integrin signaling (Fayard et al., 2005; Woodgett, 2005).
Additionally, PI3K-independent pathways of Akt activation
have been reported (Vanhaesebroeck and Alessi, 2000). The
biological function of Akt activation in the lens needs to be
explored. It is likely that Akt may cooperate with or support Ras
in regulation of cell proliferation by preventing cell death and
increasing the metabolic capacity of the cell.
The results showed that cell proliferation was inhibited
but not completely abolished in the dn-Ras transgenic lenses
(Fig. 4B). It is possible that the dn-mutant protein may fail
to completely block endogenous Ras activity. However,
because the dn-Ras is expressed at a relatively high level
(Fig. 1D) and the phospho-ERK was almost completely
abolished in the transgenic lenses (Fig. 10), we speculate
that alternate or additional pathways, which are independent
of Ras, may exist in the lens to regulate cell proliferation.
For example, it has been shown in rabbit lens epithelial cells
that IGF-1-induced cell proliferation is mediated through a
PI3K-p70S6 kinase signaling pathway (Chandrasekher and
Sailaja, 2003). Additionally, RTK-dependent activation of
JAK/STAT family members has been implicated in the
proliferation response in chicken lens (Potts et al., 1998).
Therefore, it is likely that cell proliferation during lens
development is regulated by multiple pathways. Interactions
and cross-talk among the various pathways can increase the
flexibility to achieve precise control of lens size, shape andpolarity. Interestingly, individual deletion of FGFR2 (Garcia
et al., 2005), PDGFαR (Soriano, 1997) or IGF-1R (Liu et
al., 1993) does not affect cell proliferation in the lens,
supporting the hypothesis that cell proliferation during lens
development is regulated by several different types of
growth factor receptors.
Ras signaling is also important for lens cell survival
The TUNEL assay showed a small percentage of apoptotic
cells in the lenses of the dn-Ras transgenic mice (Fig. 5),
suggesting that Ras activity is also important for lens cell
survival. Two main downstream signaling pathways of Ras
have been implicated as regulators in cell survival. They are the
Raf-MEK-ERK kinase cascade and the PI3K-Akt pathway.
Because the pAkt level was not altered in the transgenic lens,
cell death may result from the reduced ERK activity. Cell
survival during lens development can still be regulated by the
PI3K-Akt pathway, but it must be mediated through Ras-
independent pathways.
FGF signaling has been shown to play a critical role in
lens cell survival (Garcia et al., 2005; Robinson et al., 1995a).
A significant amount of apoptotic nuclei was found in the
lenses of transgenic mice expressing a truncated form of
FGFR1 and in the FGFR2-deficient mouse lens. Compared to
the FGF-signaling-impaired lens, the number of apoptotic
cells was significantly less in the dn-Ras transgenic lens. This
suggests that, in addition to Ras-ERK pathway, other
signaling pathways that are mediated by FGFR must be
involved in cell survival. Another significant difference
between the dn-Ras transgenic mice and the FGFR2-
conditional knockout mice is that there was no significant
inhibition in cell proliferation in the FGFR2-deficient lens
(Garcia et al., 2005). The question of how the ERK and Akt
activity is affected in the FGFR2-deficient lenses remains to
be answered.
We have considered other mechanisms that may induce
apoptosis in the transgenic lenses. For example, αA- and
αB-crystallins have been shown to protect lens epithelial
cells from UVA irradiation-induced apoptosis (Andley et al.,
2001). However, this possibility was ruled out by the finding
that α-crystallin protein level was not changed in the
transgenic lens (Fig. 8B). Additionally, in other mammalian
cells, the dynamic balance among the mitogen-activated
protein kinase (MAPK) family members, including ERK,
JNK (c-JUN NH2-terminal protein kinase) and p38, can
determine whether cells survive or undergo apoptosis
(Tournier et al., 2000; Verheij et al., 1996). The hypothesis
was that ERK activation promotes cell proliferation and cell
survival, whereas stress activated JNK and p38 are involved
in induction of apoptosis (Xia et al., 1995). We examined the
levels of active (phosphorylated) JNK and p38 in mouse
lenses and found no change in either the active form of JNK
and p38 or the total protein levels of these two kinases in the
transgenic lenses (data not shown). Therefore, apoptosis in
the transgenic lens is not due to stress-induced activation of
the JNK or p38 pathway.
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Early lens histology showed that primary fiber cell
differentiation is delayed in the dn-Ras transgenic mice (Figs.
6 and 7). Cell proliferation is proposed to be an obligatory initial
step for epithelial-to-fiber differentiation (Menko, 2002). The
evidence to support this hypothesis is as follows: (1) in the
normal lens, proliferation occurs adjacent to the transitional
zone where fiber cell differentiation takes place. This develop-
mental pattern implies a close link between cell proliferation
and differentiation. (2) In lens primary cultures, proliferating
cells are localized at the interface between the undifferentiated
quiescent epithelial cells and the cells that begin to differentiate
(Menko et al., 1984). Thus, inhibition in cell proliferation in the
dn-Ras lens may contribute to the delay in primary fiber cell
differentiation. Alternatively, slow elongation of the primary
fiber cells in the dn-Ras lens may reflect changes of the Rho
GTPase activity in these cells. The small Rho GTPases (Rho,
Rac and CDC42) are involved in actin cytoskeletal organization
and cell shape change (Etienne-Manneville and Hall, 2002; Van
Aelst and Symons, 2002). Various Rho GTpases are expressed
in the lens and their activities can be stimulated by growth
factors (Maddala et al., 2001; Maddala et al., 2003). Cross-talks
between the signaling pathways of Ras and Rho GTPases have
been described in other cell types. Presumably, expression of
dn-Ras in the lens may affect the Rho GTPase activity, which in
turn impairs the capacity for cell elongation and cell shape
change during primary fiber cell differentiation.
Differentiation of the secondary fiber cells in the dn-Ras
transgenic mice appears to be nearly normal. Although the
lenses in transgenic mice were much smaller than those in wild-
type mice, the shape and polarity appeared to be normal in
transgenic mice. Expression of cell cycle inhibitor p57 (or Kip2)
is induced at the correct location (the transitional zone) in the
transgenic lens, an observation which supports the argument
that initiation of fiber cell differentiation is not dependent on
Ras signaling (data not shown). The expression patterns of lens-
specific proteins in transgenic mice, including the intermediate
filament proteins (CP49 and filensin) and α, β- and γ-
crystallins, looked the same as those in the wild-type mice.
Furthermore, western blot analysis indicated that the levels of
crystallins in total water-soluble proteins are not altered in the
transgenic mice. This result is somewhat consistent with the
study by Lovicu and McAvoy (2001) using rat lens explants.
They found that ERK activity is required for FGF-induced cell
proliferation and early morphological changes in fiber cell
differentiation, but not for β-crystallin expression. In the
chicken lens, ERK signaling is also not required for δ-crystallin
accumulation during epithelial-to-fiber differentiation (Le and
Musil, 2001). Thus, both chicken and mouse/rat lens studies
indicate that the Ras-ERK signaling pathway is not required for
crystallin expression. Fiber cell differentiation may involve
multiple signaling pathways, and each pathway may contribute
to different aspects of the molecular changes.
In summary, our data indicate that Ras signaling regulates
cell proliferation during normal lens development. Although
Ras has been studied in detail in vitro, its role in developmentalsystems is not as well defined. Our data imply that, at least for
the lens, the primary function of Ras is to modulate cell
proliferation, not to control cell fate determination and cell
differentiation. Fiber cell differentiation can still occur when
Ras is inhibited, but it happens more slowly. Thus, we conclude
that Ras appears to be an ancillary factor in the fiber cell
differentiation process in the lens. In addition to its role in
normal lens development, Ras activation may be involved in the
development of posterior capsular opacification (PCO), the
most common complication following cataract surgery (Apple
et al., 1992). PCO is believed to be caused by the proliferation
and migration of lens epithelial cells that remain on the lens
capsule following cataract surgery. Thus, the Ras-ERK
signaling pathway could be a potential target for prevention
and treatment of PCO.
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